We present a possible explanation for the deep sub-threshold, φ and Ξ − production yields measured with the HADES experiment in Ar+KCl reactions at E lab = 1.76 A GeV and present predictions for Au+Au reactions at E lab = 1.23 A GeV. To explain the surprisingly high yields of φ and Ξ − hadrons we propose new decay channels for high mass baryon resonances. These new decay channels are constrained by elementary p + p → p + p+φ cross sections, and Ξ − production in p+Nb. Based on the fits to the elementary reactions one obtains a satisfactorily description of φ and Ξ − production in deep sub-threshold Ar+KCl reactions. The results implicate that no new medium effects are required to describe the rare strange particle production data in low energy nuclear collisions.
I. INTRODUCTION
The study of strange hadrons in nuclear collisions has since long been considered to be a good probe for the properties of dense hadronic matter [1, 2] . As strangeness in nuclear collisions has to be newly produced (as s + s pair), and the strange quark mass is significantly larger than that of the light quarks, it is possible to study near and sub-threshold production of strange hadrons in nuclear collisions at energies where systems of large net baryon density are created [3] . The properties of such hot and dense systems are in the focus of current and planned experimental programs at the GSI/FAIR [4] , NICA [5] and RHIC facilities. Because ab initio calculations of QCD (for example lattice QCD) are not applicable at such high baryon densities [6] [7] [8] [9] [10] one has to rely on phenomenological models and comparisons to data to learn about the properties of the dense matter created in these experiments. For this purpose microscopic transport models are usually employed. Several previous works found that the production rates and properties of Kaons, for example are a promising probe to extract their medium interactions in low energy nuclear collisions [2, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
A rather phenomenological approach to strangeness production is the so called thermal model. This model is usually based on a (grand)-canonical fit to experimentally measured particle ratios or yields and gives surprisingly good results for hadron production at high energies, i.e.
√ s N N > 5 GeV (see e.g. [23, 24] ). At the low near and sub-threshold energies under investigation at the SIS18 accelerator however, it was found that the thermal model has significant problems describing the set of strange particle ratios measured with the HADES experiment [25] [26] [27] [28] . This poses the question whether one has to take into account new and interesting physics to describe strange particle production at these low beam energies. In this work we will explore new mechanisms for the production of the φ meson and Ξ baryon in the microscopic transport model UrQMD. In the UrQMD model most of the particle production at lower beam energies √ s N N ≤ 4 GeV takes place by resonance excitation and decay. Therefore we explore new decays of the sort N * → N + φ and N * → Ξ + K + K for the most heavy resonances. Evidence for such channels has recently been put forward in [29] . As the experimental knowledge of these exotic decays of very heavy baryon resonances is scarce, one has to infer the decay probabilities indirectly. The probabilities for these decays can be fixed using near threshold production in elementary reactions. Once the production probabilities are fixed we use these to estimate multi-strange hadron production in sub-threshold nuclear collision in order to determine baseline production estimates consistent with elementary reactions, i.e. vacuum physics.
The paper is organized as follows. First we will discuss possible mechanisms of particle production in UrQMD, with an emphasis on φ and Ξ − hadrons. Then we will outline how we introduce a new production channel for these hadrons through the decay of massive N * states. We will show how the introduction of these new decays can be used to describe elementary production cross sections near their threshold energies and finally study the effect of these production channels on the deep subthreshold production of multi-strange hadrons in nuclear collisions.
II. PARTICLE PRODUCTION IN URQMD
Hadron production in the UrQMD transport model [30, 31] proceeds through different channels: The excitation and de-excitation (decay) of hadronic resonances, the excitation and de-excitation of a string and the annihilation of a particle with its anti-particle. Strangeness exchange processes, which can change the flavor content of a hadron are also included [32] . The probabilities of the different processes are governed by their reaction cross sections. These cross sections serve as input for the model and are, whenever possible, taken from experimental measurements of elementary (binary) collisions. For example the total and inelastic cross section of binary proton+proton collisions has been measured in many ex-periments over a wide range of beam energies [33] (see green circles and black squares in figure 1 ). The corresponding green and black lines in fig. 1 serve as input for model. The difference between the total and elastic cross section therefore should correspond to the inelastic cross section. Here again, many different reactions are possible. In UrQMD the inelastic part of the nucleon+nucleon cross section (up to a certain energy) is described by resonance production channels. The possible channels of resonance excitations are divided into several classes:
Here R * could be any excited N * or ∆ * state. Since a large part of the channels are not known, or only measured within a limited energy interval one uses an effective parametrization of the different cross sections:
(1) where p i,j is the average momentum of the in-and outgoing particles and S i are the spins of the outgoing particles. The matrix element |M (m 3 , m 4 )| 2 is usually not known for all reactions but can be parametrized to fit experimental measurements, if available. A detailed description on how the elementary cross sections of processes 1 to 6 can be parametrized as well as comparisons with data is shown in detail in [30, 31] . The process N N → R * R * has just recently been introduced into the model with:
The parameter A = 0.05 was chosen such that the double resonance excitation is consistent with the total and inelastic (total-elastic) part of the p+p cross section. The contribution of double resonance excitation to the p+p cross section is depicted as the blue short-dashed line in figure 1 . However, at some center-of-mass energy resonance excitation becomes unable to describe the inelastic cross section measured in experiment. This increasing difference between the resonance channels and the inelastic cross section is filled with the string excitation channel, which is also shown in figure 1 as dashed grey line. One can see that the string channel starts to dominate particle production at beam energies above 7 to 10 [Color online] Total (green line) and elastic (black line) proton+proton cross sections implemented in the UrQMD model compared with data from [33] (symbols). We also show the total inelastic (red line) cross section. The parts of the inelastic cross section which correspond to the string excitation (grey dashed line) and the double Resonance N N → R * R * channel (blue dashed line) are also shown.
GeV. Since we are interested in near and sub-threshold particle production the string channel is not relevant for most of the following results, whereas the resonance channels are essential for an understanding of the beam energies we will consider.
III. ON THE POSSIBILITY OF φ AND Ξ PRODUCTION
When discussing sub-threshold production of φ's and Ξ's in nuclear collisions one should note that there are two distinct mechanisms which allow for the production of hadrons with masses, higher than what would be energetically forbidden in elementary reactions:
1. One is the fact that in a nucleus, the nucleons acquire a Fermi momentum due to their bound state. Because of the Fermi momenta, the actual energy of two colliding nucleons will not be exactly the beam energy but a smeared out energy distribution. This allows for collisions of nucleons at energies higher than the actual beam energy.
2. Furthermore energy can be accumulated due to secondary interactions of already excited states, produced earlier in the collision [34, 35] .
As an example for deep sub-threshold production of multi-strange hadrons we will first investigate the production probability of resonance states with sufficiently high mass to produce a φ or Ξ in collisions of Ca+Ca (corresponding to the Ar+KCl collisions studied at the HADES experiment). In such collisions, from the Fermi momenta alone, about two percent of all primary N + N collisions will have an invariant mass large enough to produce a φ meson, while essentially none has sufficient energy to produce a Ξ. Even though a small fraction of initial collisions has sufficient energy to produce a φ, none can be produced at this energy through a string excitation because in the string picture a φ can only be created together with a K + K pair, increasing the effective threshold for φ production by a string fragmentation by an additional 1 GeV. * resonances with masses larger than the apparent threshold energy is produced in the nuclear collision. We also indicate, as vertical lines, the minimal mass a N * would need in order to decay into a final state with a φ (red line) or even Ξ (black line). From this distribution we conclude that a moderate amount of excited states with sufficiently high mass are available that may produce φ mesons as well as Ξ baryons. In the following we explore decays of the most massive N * resonances implemented in UrQMD, namely the N * → N + φ and N * → Ξ + K + K channels, in order to describe the production of φ and Ξ particles near and below their elementary threshold energies. In particular we will use the N * (1990), N * (2080), N * (2190), N * (2220) and N * (2250) states included in the UrQMD model, as their decay channels are experimentally not well constrained and they have a sufficiently large mass. One should note that, by introducing these new decay channels we also naturally, through detailed balance relations, introduce reactions of the kind M + N ↔ N * ↔ N + φ, where M could be any meson that couples to the N * (e.g. η, ω, ρ or π). Such channels have been discussed in [36] as possible sourced of φ mesons in nuclear collisions. In [36] however, the authors determined the relevant cross sections from theoretical models and found that such processes cannot fully account for the measured φ yield. Here we take a different aproach and extract the cross sections directly from the comparison with experimental data, i.e. the resonance production in p+p reactions. This has the advantage that we do not have to rely on the validity of certain model assumptions, while on the other hand we can not predict the φ meson production in elementary reactions from fundamental calculations.
IV. ELEMENTARY REACTIONS
As a next step we need to determine the probability that a heavy baryonic resonance state decays into the specific final states introduced above. Fortunately the ANKE experiment has recently published a set of data on the cross section of single φ production in near threshold p + p collisions [37] . These cross sections are shown in figure 3 as black squares. Using these data we find, that a branching fraction of Γ N +φ Γtot = 0.2%, for all the above mentioned N * resonances, provides a very good description (red triangles) of the measured φ production cross section. Note that we only fit one parameter, the branching fraction, to obtain a description of the data
(0.71 ± 0.03) × 10 −2 TABLE I. Ξ − production yield and Ξ − /Λ ratio for minimum bias p + N b collision at a beam energy of E lab = 3.5 GeV, compared with recent HADES results [25] for all three measured beam energies.
One should further note that the extracted branching fraction of 0.2% is roughly two orders of magnitude smaller than that of other channels like the N * → N + ω dacay and therefore compatible with the OZI supression factor experimentally extracted from the φ/ω production ratio in p + p collisions [38] .
Determining a similar branching fraction of N * → Ξ+K +K is not as straight forward as it is with the φ decay. First one should note that the pole masses of all N * resonances in UrQMD are below the threshold for this decay channel (2.3 GeV) and therefore the branching fraction will only be non-zero in the high mass tails of the resonances. Secondly there exists no experimental data on Ξ production in elementary collisions near its production threshold. Therefore we use the new HADES data on Ξ production in p+Nb reactions as a proxy for the unavailable elementary collision data to fix the N * → Ξ+ K + K branching fraction, as it is the dataset closest to an elementary reaction. To describe the measured production yield of Ξ − 's (see table I ) we obtain a branching fraction
ΓΞ+K+K Γtot
= 10% for all N * states mentioned above, that have a sufficiently high mass for this decay. A branching fraction of 10% appears to be large, however one should keep in mind that this branching fraction applies only in the high mass tails of the resonances and the integrated fraction is less than one percent. Furthermore one expects that even higher mass resonances, not implemented in the model, do contribute stronger to the Ξ production and one can think of this large branching fraction as the effective summed-up contribution of these high mass resonances. Table I summarizes the results for Ξ − production in p + N b at E lab = 3.5 GeV, measured with the HADES experiment as well as the results from our simulations.
V. SUB-THRESHOLD φ AND Ξ PRODUCTION IN NUCLEAR COLLISIONS
Having constrained the branching fractions in the previous section, we employ this new mechanism to estimate the production probabilities of φ's and Ξ's in nuclear collisions, particularly at sub-threshold energies. A ratio which has shown an interesting beam energy dependence, especially below the φ production threshold is the φ/K − ratio, which is shown in figure 4 for nuclear collisions at different beam energies, measured by several experiments [26, [39] [40] [41] [42] . Results from our simulations for most central (b < 3.4 fm) Au+Au collisions are shown as the red line. Because the φ is an unstable particle it will never be directly measured in an experiment and therefore it is important to clarify how we define a measurable φ in our model simulation. We define a measurable φ, for all the following results, as a φ which has decayed into a Kaon-Antikaon pair and whose decay partners have not rescattered. With rescattering we strictly mean no elastic or inelastic scattering of the decay products, noting that there can be a small fraction of φ's which can be reconstructed even though their decay daughter had an elastic scattering. However, we expect this correction to be on the order of a few percent.
From the comparison in figure 4 , it is clearly visible that the qualitative behavior of the data, a rapid increase of the φ/K − ratio for sub-threshold energies, is nicely reproduced in our simulations. Also the value of the ratio is in nice agreement for beam energies at and above the HADES Ar+KCl data with E lab = 1.76 A GeV. However, one also observes that above the the low SPS energy regime the present model underpredicts the φ/K − ratio. This can be understood as a result of the above mentioned high threshold for φ production in the string break-up. Because string excitation dominate the particle production at beam energies above √ s N N > 5 GeV, the φ must always be produced together with a KaonAntikaon pair, which strongly suppresses the φ production. We also seem to underpredict the measured φ/K − ratio for the lowest available beam energy of E lab = 1.23 [26, 27, 43, 44] for Ar+KCl collisions at the same beam energy (blue diamonds).
A GeV, which is however still a preliminary result from the HADES collaboration [39] . An interesting feature of the calculations is the peak in the ratio at the aforementioned beam energy. The experimental confirmation of this peak, by φ measurements at even lower beam energies, would further support our approach for φ production in nuclear collisions.
Finally we compare the multitude of strange particles produced in UrQMD, including the new N * decays, with sub-threshold nuclear collision data. In figure 5 we present results on strange particle ratios, in Ca+Ca collisions at E lab = 1.76 A GeV. The default calculation with the previously released UrQMD version (v3.4) is shown as as green squares. Compared to the default calculation we show the new results, including the φ and Ξ decay channels of the N * as red triangles. A considerable increase in the φ and Ξ − production is visible. More importantly when we compare all the obtained strange particle ratios with Ar+KCl data from the HADES experiment (blue diamonds) we observe a very good description of all measured ratios, including the φ and Ξ. Such a good description of the full set of data has not been achieved in any previous study. Hence, we conclude that strange particle production in Ar+KCl collisions at the HADES experiment can be explained, and is in fully consistent, with production cross sections obtained in elementary reactions.
In figure 6 we present predictions for the same strange particle ratios shown in 5, in Au+Au reactions at 1.23 A GeV with the new φ and Ξ production channels. The red triangles indicate the ratios for Ca+Ca collisions already shown in figure 5 for comparison, while the black triangles are the predictions for Au+Au collisions at an beam energy of E lab = 1.23 A GeV and b < 9.5 fm. Collisions at this energy have been recently investigated at the HADES experiment. Up to now only preliminary data is available for few particle ratios, shown as blue diamonds. Apparently the preliminary φ/K − ratio seems to indicate a small difference between data and our model study. It will be very interesting to see whether this holds for the final data and whether a similar difference will also be seen for the Ξ − /Λ ratio.
VI. CONCLUSION
In summary we have proposed and investigated a new mechanism of φ and Ξ production in elementary and nuclear collisions, namely the decay of heavy resonances. For the φ production, the unknown branching ratios of the baryon resonances were extracted from p + p → p + p + φ data measured by ANKE. The branching fraction necessary to describe the data is of the order of 0.2%, in accordance with an OZI suppression of φ production.
For the Ξ − production the branching ratios of the heavy baryon resonances were extracted from p+Nb data of the HADES collaboration. Here a larger branching fraction of 10% for R * → Ξ + K + K is required. With this input from elementary reactions a good description of the HADES Ar+KCl data is achieved. Such a large branching fraction appears unlikely, however one should keep in mind that the invariant mass required for the decay of N * → Ξ + K + K is on the order of 2.3 GeV, larger than the pole mass of any N * included in UrQMD. Therefore only resonances from the high mass tails may decay into a Ξ. Including resonances with pole masses larger than 2.3 GeV in the model may therefore change the picture quantitatively.
In the future we intend to investigate the role of such higher mass resonances on particle production in elementary and nuclear collisions, with UrQMD. An important input for such a study would be measurements of Ξ production rates in near threshold elementary collisions, giving direct constraints on heavy resonance production and decays. Consequently our study highlights the importance of resonance physics and dynamics in elementary and nuclear collisions in the energy regime of the SIS18 and the future SIS100 accelerator. Rare probes, like the multi-strange hadrons discussed in this paper can be very sensitive to unknown resonance states and their properties. Therefore if any conclusions on new physics are to be drawn from measuring such rare probes it is necessary to have a detailed understanding of the hadronic resonances and their dynamics in nuclear collisions.
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